MafB is a basic leucine zipper transcription factor that plays important roles in development and differentiation processes. During osteoclastogenesis, its expression is downregulated at the transcriptional level via the JNK and p38 MAP kinase pathways.
Introduction
Maf family proteins are novel transcription factors and share a conserved basic region and leucine zipper (bZIP) motif that mediate DNA binding and dimer formation (Fig. 1A) . The Maf group comprises 4 large Maf subfamilies (MafA/L-Maf, MafB/kreisler, c-Maf, and neural retina leucine zipper [NRL] ) that contain an acidic transcription-activating domain (TAD) located at their N-terminus and 3 small Maf proteins that contain only the bZIP region (MafF, MafG, and MafK). These factors act as key regulators of terminal differentiation in many tissues such as the bone, brain, kidney, lens, pancreas, retina, and in blood [1] . Moreover, the large Maf proteins have been directly implicated in carcinogenesis, as demonstrated in cell culture, animal models and human cancers [2] . Of these factors, MafB is expressed in a wide variety of tissues [3, 4] , and gene inactivation studies or mutant analysis of MafB have demonstrated its important roles in the development and differentiation processes of the gonads, hematopoietic system, hindbrain, pancreatic islets, and renal cells [5] [6] [7] [8] [9] [10] [11] .
Investigation of the molecular mechanisms of gene regulation by MafB is, however, a new undertaking. A recent study reported that MafB was phosphorylated by p38 mitogen-activated protein (MAP) kinase [12] and glycogen synthase kinase 3 (GSK3) [13] , and SUMO-1 modification of MafB regulated MafB-driven macrophage differentiation [14] . It was also shown that during osteoclastogenesis, the expression levels of MafB were significantly reduced by the receptor activator of nuclear factor-kB ligand (RANKL). Furtherore, RANKL downregulated MafB expression at least on the transcriptional level via the c-Jun N-terminal kinase (JNK) and p38 MAP kinase pathways [15] . The present study demonstrates that MafB is phosphorylated by JNK and degraded through the ubiquitin-proteasome pathway in COS7 cells.
Materials and Methods

Plasmid construction
Bacterial expression vectors for the synthesis of N-terminal thioredoxin (Trx)·His·S-tagged mouse MafB and human c-Jun (residues 1-79) proteins were obtained by polymerase chain reaction (PCR) and subsequent cloning into the pET32a vector (Merck). Single and multiple phosphorylation mutants of mouse MafB were generated by PCR-based site-directed mutagenesis [16] using KOD-Plus-DNA polymerase (Toyobo), followed by subcloning and sequencing of the whole reading frame. For mammalian expression vectors for hemagglutinin (HA) epitope-tagged mouse MafB (wild and phosphorylation mutants), a consensus Kozak sequence was introduced at the 5' terminus of MafB using PCR. PCR fragments were cloned into the
vector. An N-terminal Myc-tagged ubiquitin-encoding construct was generated by PCR-mediated cloning and subcloning into the pcDNA Trx·His·S-c-Jun (1-79) fusion protein was used as a positive control. The kinase reaction was carried out as described [19] at 30℃ for 20 min, and it was arrested by the addition of 4× SDS sample buffer. Samples were analyzed by 8% SDS-PAGE and autoradiography.
Metabolic labeling and pulse-chase experiments
Metabolic labeling and pulse-chase experiments were performed essentially as described in [20] . and protein-G agarose. The beads were washed 3 times in RIPA buffer.
Immunoprecipitates were eluted by boiling in SDS sample buffer. The eluted proteins were resolved by 7.5% SDS-PAGE, and the gel was dried. The radioactivity in cellular HA-MafB was analyzed using a Fuji BAS1500 imaging analyzer system (Fujifilm).
Proteasomal and lysosomal inhibition
Twenty-four hours after the transfection, the stability of the MafB was analyzed The beads were washed 3 times with RIPA buffer, boiled in SDS sample buffer, and then subjected to western blot analysis. Myc-tagged ubiquitin conjugates were detected using an HRP-conjugated rabbit anti-Myc antibody (Sigma).
Results and Discussion
MafB is phosphorylated by JNK Exogenously expressed HA-MafB was detected as a band of approximately 50-kDa by western blot analysis. When the purified HA-MafB protein was treated with CIAP, the mobility of the band shifted to more rapidly migrating forms, indicating that the overexpressed MafB protein was phosphorylated in COS7 cells (Fig. 1B) . The
MafB protein has 10 putative MAP kinase phosphorylation sites (Ser/Thr-Pro) (Fig. 1A) .
To examine whether MafB acts as a substrate for JNK and to identify the residue(s) that could be phosphorylated by JNK, 1 of the 10 putative MAP kinase phosphorylation sites was chosen, and 12 MafB mutants carrying substitutions of Ser and Thr residues (conforming to the MAP kinase consensus sites) for Ala were constructed.
Trx·His·S-MafB (wild and mutants) fusion recombinant proteins were prepared, and an in vitro protein kinase assay was performed. For the constitutively active form and the kinase-negative form of JNK, pEF-Flag-MKK7α1-JNK1β1 and KN plasmids, respectively, were used. MafB was phosphorylated by Flag-MKK7α1-JNK1β1 but not KN at the phosphoacceptor site Thr62 (Fig. 1C) . 
Mutation in the JNK target site on MafB protects the instability of MafB
The effects of mutating the phosphorylation site (conforming to the MAP kinase consensus site) on stability were investigated. HA-MafB wild, HA-MafB carrying a T62A substitution, the 4A mutant (HA-MafB with T58A, T62A, S70A, and S74A substitutions), the 6A mutant (HA-MafB with S14A, T58A, T62A, S70A, S74A, and T103A substitutions), and the 10A mutant were introduced into COS7 cells and subjected to western blot analysis. Fig. 4 shows that the introduction of a mutation (T62A) into the JNK target site on the MafB protein reduced the instability of MafB resulting from the activation of JNK; the introduction of the four-fold substitutions almost protected the instability, which was similar to the effects of the six-fold and the ten-fold substitutions. These results suggest that the phosphorylation status of the Thr62 site is associated with stability. However, additional phosphorylation status of the Thr58, Ser70, and Ser74 sites may be also needed for enhancing stability.
MafB is degraded by ubiquitin-dependent pathway demonstrating that MafB is degraded by the ubiquitin-proteasome pathway (Fig. 6) . A high-molecular-weight smear was also observed in lysates from cells in which the T62A mutant, Myc-ubiquitin and Flag-MKK7α1-JNK1β1 were co-expressed. However, this smear was weaker than that of HA-MafB wild, and the input of the T62A mutant had approximately 4 times more HA-MafB protein than that of HA-MafB wild (compared input lanes 3 with 5). Thus, the overexpressed T62A mutant is less sensitive to proteasomal degradation owing to the activation of JNK.
Some regulatory proteins have been reported to be ubiquitinated depending on their phosphorylation status [22, 23] . Several previous studies have reported post-translational processes in the regulation of MafA, which is a member of the large Maf family of proteins. For example, quail and chicken MafA were shown to be phosphorylated by the extracellular signal-regulated kinase (ERK), and the phosphorylation status of MafA influenced the transactivation potential, and the phosphorylation also induced the degradation of MafA by the proteasome [24, 25] . In addition, p38 MAP kinase was shown to be a major regulator of mouse MafA protein stability under both basal and high-glucose conditions as well as during oxidative stress [26] . Another study showed quail and mouse MafA to be constitutively phosphorylated by GSK3, and the phosphorylation induced ubiquitination and degradation of MafA [13, 27] . Furthermore, SUMO-1 and SUMO-2 modifications of MafA have been shown to reduce the transcriptional activity of MafA in pancreatic β-cells [28] .
In the present study, it was found that MafB was phosphorylated by JNK and a within the TAD of transcription factors [29] . This is in accordance with our result.
Because introduction of a mutation into the Thr62 site on the MafB protein partially protected the instability of MafB and the phosphorylation status of the Thr58, Ser70, and Ser74 sites was also associated with the stability, E3 ubiquitin ligase(s) induced or activated by JNK may recognize these phosphodegrons.
We attempted to observe the effect of Itch in one of the E3 ubiquitin ligases activated by JNK [30] on the stability of MafB. Exogenously expressed Itch did not enhance the destabilization of MafB by the activation of JNK (data not shown). We also investigated whether MafB phosphorylation affects its transcriptional activity. However, Flag-MKK7α1-JNK1β1 or KN (0.6 µg). Western blot analysis was performed using
